The photodegradation of chlorodifluoromethane (HCFC-22) was investigated using microwave/UV/TiO 2 photocatalysts hybrid system. The microwave discharge electrodeless mercury lamp (MDEML) used in this study showed mainly atomic Hg emission lines at 253.7 nm. The decomposition efficiency of HCFC-22 increased with decreasing inlet concentration and with increasing reactor residence time. The removal efficiency increased with increasing microwave power on every oxygen concentration. The highest degradation efficiency was obtained when both TiO 2 balls and MDEML were used.
Introduction
Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), once widely used as solvents and refrigerants, have been found to be the main culprit for the destruction of the ozone layer [1] . HCFCs have been developed as alternatives to CFCs. HCFCs have shorter lifetime in atmosphere than CFCs and hence smaller ozone depletion potential [2, 3] . Nevertheless the destruction of waste HCFCs is requested because of their greenhouse effect [3, 4] and a certain ozone depletion effect. Application of photolysis for CFC control has recently been investigated widely. Photolysis by short wavelength UV is one of the proposed methods for the destruction of CFC [5] .
Advanced oxidation process (AOP) is an advanced gaseous contaminants treatment process, in which highly disinfective and oxidative special ions (
• OH radicals) are produced as intermediate products and are then used to oxidize air pollutants [6] . In addition, the application of TiO 2 photocatalysts in AOP air pollution treatment has been widely investigated [7] . Its excellent properties, such as inertness, chemical and thermal stability, regeneration, and low cost, have made it a principal candidate in environmental remediation [8, 9] . In many photodecomposition reaction systems, TiO 2 powders are often used as photocatalysts [10] . However, powder catalysts have several problems, such as the difficulty in separating the catalyst from the suspension after the reaction and preventing catalyst aggregation in high concentration suspensions; the suspension must be diluted to avoid such agglomeration. These problems can be solved with the use of immobilized (i.e., coated) catalyst particles. However, coated catalysts are easily detached from the supports. To avoid these problems, TiO 2 thin films have been prepared via the sol-gel [11] , sputter [12] , and chemical vapor deposition (CVD) methods [13, 14] . Of these, CVD is considered as a promising method for the preparation of high-quality thin films with a well-controlled composition and low defect density over a large surface area [15, 16] .
Microwave energy has been increasingly used in synthetic organic chemistry because of its capacity to accelerate reactions and to improve yields and selectivity [17] . There is growing interest in using microwave radiation to drive or otherwise assist chemical reactions. Various types of organic and inorganic reactions, once performed using classical heating methods, are now routinely performed using microwave radiation [18] . Recently, research has been conducted actively to improve oxidative degradation performance by adding microwave irradiation as an effort to utilize TiO 2 photocatalyst treatment more efficiently [19, 20] . A double tube type microwave discharge electrodeless mercury lamp (MDEML) that emits UV upon the irradiation of microwave was developed and has been applied to photocatalytic decomposition of various pollutants [21, 22] . In this paper, the MDEML was employed to investigate the photocatalytic decomposition of chlorodifluoromethane , an important greenhouse gas. In addition, the advantages of microwave/UV/TiO 2 photocatalysts hybrid process were analyzed. The removal performance was examined under different conditions with different initial HCFC-22 concentrations, gas residence times, and oxygen concentrations. Figure 1 shows the schematic of the microwave/UV/TiO 2 experimental apparatus used in this study. It consists of microwave irradiation equipment, an MDEML, a quartz reactor tube (230 mm length, 40 mm diameter) in which photodegradation of HCFC-22 gas takes place, and a gas flow control system using a mass flow controller. The microwave irradiation equipment was manufactured by Korea microwave instrument Co., Ltd. It consisted of a microwave generator (frequency, 2.45 GHz; maximal power, 1 kW), a three-stub tuner, a power monitor, and a reaction cavity. Microwave radiation used to irradiate the reaction gas flow was delivered through a waveguide. Microwave irradiation was continuous and the microwave intensity was adjusted using a connected power monitor. Optimal low reflection of the microwave radiation was achieved using the three-stub tuner. UV-meter sensors and the microwave generator were located on the right-hand side and left-hand side of the microwave cavity, respectively. A stirrer was installed on the back side in the reaction cavity ( Figure 1 ) to enhance the transfer of microwave.
Experimental

Microwave/UV/TiO 2 Photocatalysts Hybrid System.
TiO 2 Photocatalyst
Balls. TiO 2 film with anatase crystal structure was synthesized using a low pressure metal organic CVD method. Titanium tetraisopropoxide (Ti(OC 3 H 7 ) 4 , referred to as TTIP hereafter) was used as the precursor. Detailed information of the reactor was given elsewhere [15, 16] . Argon gas was passed through a bubbler containing liquid TTIP and heated to 323 K, to carry TTIP vapor to the reactor. Photocatalyst balls were prepared by depositing TiO 2 film on alumina balls (Nikkato, HD-11, Φ8 mm).
Double Tube Type MDEML.
TiO 2 photocatalysts are excited by UV light, producing strong oxidants that can degrade organic compounds. Therefore, provision of UV is essential for the use of TiO 2 photocatalysts. Typical UV lamps, however, have metal electrodes, which prevent them from being used in the microwave irradiation equipment. Therefore, a double tube type MDEML (170 mm length, 36 mm inner diameter, 55 mm outer diameter) that emits UV upon the irradiation of microwave was developed in this study. It was made of quartz to maximize the reaction efficiency. Small amount of mercury gas was doped between the tubes inside the double tube UV lamp that was kept vacuumed. The lamp used in this study is UV-C type lamp although UV-A and UV-B wavelength lights are emitted as well.
Evaluation of Reaction Activity.
Experiments were performed to evaluate the degradation of HCFC-22 (Ulsan chemical Co., Ltd., 99.6%) gas by using a flow type reactor under atmospheric pressure. The reactant gas was diluted with nitrogen and oxygen at the inlet of the reactor tube. Mass flow controllers modulated the flow rates of nitrogen and oxygen gases. The total flow rate of gas fed into the reactor was 300∼700 cc/min and the oxygen concentrations in the gas were varied between 0 and 100 mol%. The decomposition rate was calculated from the difference between the HCFC-22 concentrations measured at the reactor inlet and outlet as a function of residence time. The reactant gas was analyzed by gas chromatography (M600D, Younglin instrument Co., Ltd.) with a 6 ft long Porapak Q column and a thermal conductivity detector. The oven temperature was programmed to change from 313 K (5 min) to 433 K (3 min), at a heating rate of 10 ∘ C/min. The concentration of HCFC-22 was obtained from the GC peak areas before and after reaction to calculate the decomposition rate.
Results and Discussion
Characteristics of the MDEML.
Microwave discharge electrodeless lamps (MDELs), a unique light source, were first reported in 1968 [23] . The principle involved in MDELs is the absorption of high-frequency electromagnetic waves produced by a microwave generator by noble gases and vaporizable elements in the lamp, which results in UV emission. Mercury, sodium, sulfur, selenium, and cadmium can be used as vaporizable elements, whereas the noble gases are generally argon, neon, and krypton, among others. Compared with normal UV light sources, due to the absence of electrodes, MDELs do not produce blackened electrodes caused by wear and tear, oxidation, and sealing. In addition, MDELs have many advantages such as low price, low energy cost, high light intensity, and simple reactor. Moreover, there are many options for light-emitting materials so that MDELs can provide different wavelengths of UV radiation [24] . MDELs have been applied to disinfection of drinking water [25] and degradation of pollutants in water [26] . However, research on degradation of gaseous pollutants with MDELs is still scarcely reported.
The MDEML employed in this study has a stronger intensity than common mercury lamps, especially in UV range. The ultraviolet and visible wavelengths emitted were detected by a UV/Vis-spectrometer (AVASPEC-2048, Avantes Co., Ltd.). The sensor of the UV/Vis-spectrometer was installed on the right-hand-side port of the microwave cavity. The distance between MDEML and the sensor was about 30 cm. The emission wavelengths of MDEML distributed widely in the range of 180∼600 nm were 254, 297, 311, 365, 404, 435, 547, and 579 nm. The MDEML containing a mixture of mercury and argon showed mainly atomic Hg emission lines at 253.7 nm (6 2 P 1 -6 2 S 0 ). The influence of microwave power on the UV spectrum emitted from the MEDML was examined. Figure 2 shows the UV spectrum emitted from MEDML with different input microwave intensities measured. UV-C (254 nm) intensity was high even at the lowest power (0.2 kW), increasing slowly with the input microwave power. On the contrary, the intensities of UV-A (365 nm) and UV-B (297 nm) were very low at low input microwave power, but they increased rapidly with increasing microwave power. All the three UV waves showed little change in their intensity above 0.6 kW of microwave power. Another measurement made in this study was the irradiance (W/m 2 ) at each UV wavelength range. A UV radiometer (HD2102-2, Delta OHM) was used for measuring this quantity. Figure 3 compares the UV irradiance measured at different microwave intensities. The sensor of the UV radiometer was installed on the right-hand-side port of the microwave cavity (Figure 1 detected by UV-A, UV-B, and UV-C sensors are 315∼400 nm, 280∼315 nm, and 220∼280 nm, respectively. It is shown in Figure 3 that the UV irradiation from the MDEML used in this study is dominated by short wave UV with high energy. At all microwave intensities tested in this study, UV-C exhibited much larger irradiance than UV-A and UV-B. The UV-A and UV-B irradiances increased with the microwave power, whereas the UV-C energy showed little change at microwave power larger than 0.4 kW. This result is in agreement with the result shown in Figure 2 . Figure 4 compares the conversion of HCFC-22 by photocatalytic degradation at various experimental conditions. The experiments were carried out with the total flow rate of 500 cc/min, the HCFC-22 inlet concentration of 20%, and the microwave power of 0.4 kw. When only microwave was irradiated without the use of MDEML, removal of HCFC-22 did not take place. When MDEML was used without TiO 2 photocatalysts balls, the degradation efficiency was 62%. The highest degradation efficiency (81%) was obtained when both TiO 2 photocatalysts balls and MDEML were used. The difference between the results of MU and MUP was 19%, which indicates that the contribution of photocatalysis accounted for 23.5% of the total degradation. In this study, microwave was additionally irradiated on the conventional photocatalysis system for pollutant degradation expecting a synergy effect that activates reactants and promotes oxidation reactions.
The Effects of the Technological Convergence.
The experimental results showed that a higher microwave intensity led to a higher degradation efficiency. The effect of microwave on the oxidation of reactants and intermediate products, however, was not observed in the experiments. The addition of oxygen was expected to contribute to production of active oxidants when oxygen was irradiated by microwave, but it turned out not to be true. Therefore, additional experiments are needed in the future expecting a synergy effect by adding more powerful oxidants such as ozone. 
Photocatalytic Degradationof HCFC-22.
The influence of the inlet concentration of HCFC-22 on its photocatalytic removal efficiency was investigated. Figure 5 shows the ratio of the outlet concentration over the inlet concentration of HCFC-22 measured as a function of microwave power with different inlet concentrations: 10%, 20%, and 30%. Total gas flow rate was 500 cc/min and pure oxygen was provided as the carrier gas. The removal efficiency of HCFC-22 was highest when the inlet concentration was 10%. Despite no significant differences in the removal efficiency were observed when the inlet concentration was changed from 20% to 30%, the little differences observed for these two concentrations show that, in most of experimental conditions, the removal efficiency decreases when the inlet concentration increases. It is known that, generally, photocatalysis is known to exert high efficiency at low concentrations [7, 16] , which agrees with the result of this study. On the one hand, it is clearly shown in this figure that the removal efficiency increases with microwave intensity.
Reactor residence time, which is determined by the gas flow rate, is the duration of stay in the reactor (from the entry and to the exit) of exhaust gas. The results shown in Figure 6 were achieved with the inlet HCFC-22 concentration of 20% and the oxygen concentration of 80%. As presented, with the residence time increasing from 20 sec to 47 sec, the decomposition efficiency of HCFC-22 increased, caused by increase in both collision time and collision possibility. Therefore, gas residence time is a key point of photocatalytic decomposition in the experiments. Generally, a longer residence time results in a higher removal efficiency. However, if the residence time is too long, the amount of exhaust gas treated in unit time decreases, which results in a low energy efficiency and high energy cost. Therefore, when microwave/UV/TiO 2 photocatalysts hybrid process is used, the residence time should be determined by comprehensively taking into account the inlet concentration, volume of degradation, capacity of devices, and admitted costs.
The influence of the concentration of oxygen, which plays a role as an oxidant in the photocatalytic removal of HCFC-22, on the removal efficiency was also investigated in this study. Figure 7 shows the removal efficiency obtained with different oxygen-nitrogen ratios in the carrier gas as a function of microwave power. The total gas flow rate was 500 cc/min and the inlet HCFC-22 concentration was 20%. HCFC-22 removal efficiency increased with increasing microwave power on every oxygen concentration tested. It also increased with increasing oxygen concentration at every microwave power tested. In particular, the removal efficiency was 100% when the microwave intensity of 0.3 kW was applied at the oxygen concentration of 100% or when the microwave intensity of 0.4 kW was applied at the oxygen concentration of 40% or higher. This result indicates that the microwave power and the carrier gas composition should be determined with the consideration of the concentration of HCFC-22 and the operation cost.
Conclusions
The following conclusions were inferred from the results of photocatalytic degradation of HCFC-22 using microwave/UV/TiO 2 hybrid process.
(1) The MDEML used in this study showed mainly atomic Hg emission lines at 253.7 nm. At all microwave powers tested, UV-C exhibited much larger irradiance than UV-A and UV-B.
(2) When MDEML was used without TiO 2 balls, the degradation efficiency was 62%. The highest degradation efficiency (81%) was obtained when both TiO 2 balls and MDEML were used. (3) With increasing microwave power, the degradation efficiency of HCFC-22 increased and the degradation efficiency was highest when the inlet concentration was lowest.
(4) The degradation efficiency of HCFC-22 increased with the residence time due to increased collision time and collision possibility. Because the energy cost also increases with residence time, the residence time should be determined by comprehensively taking into account the inlet concentration, volume of degradation, capacity of devices, and admitted costs.
(5) The microwave power and the carrier gas composition should be determined with the consideration of the concentration of HCFC-22 and the operation cost.
